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Summary
Clathrin-mediated transport is a major pathway for
endocytosis. However, in yeast, where cortical actin
patches are essential for endocytosis, plasma mem-
brane-associated clathrin has never been observed.
Using live cell imaging, we demonstrate cortical
clathrin in association with the actin-based endocytic
machinery in yeast. Fluorescently tagged clathrin is
found in highly mobile internal trans-Golgi/endoso-
mal structures and in smaller cortical patches. Total
internal reflection fluorescence microscopy showed
that cortical patches are likely endocytic sites, as
clathrin is recruited prior to a burst of intensity of the
actin patch/endocytic marker, Abp1. Clathrin also ac-
cumulates at the cortex with internalizing  factor re-
ceptor, Ste2p. Cortical clathrin localizes with epsins
Ent1/2p and AP180s, and its recruitment to the sur-
face is dependent upon these adaptors. In contrast,
Sla2p, End3p, Pan1p, and a dynamic actin cytoskele-
ton are not required for clathrin assembly or ex-
change but are required for the mobility, maturation,
and/or turnover of clathrin-containing endocytic
structures.
Introduction
Clathrin is a major vesicle coat protein involved in re-
ceptor-mediated endocytosis (RME) (Brodsky et al.,
2001). Sorting into clathrin-coated pits (CCP) and for-
mation of clathrin-coated vesicles (CCV) are mediated
through adaptors, which directly bind cargo or bridge
interactions of clathrin to other endocytic factors and
inositol phospholipid-containing membrane. The globular
N-terminal domain (TD) of clathrin heavy chain (HC) is
important for binding to membrane-associated adap-
tors, including AP-2, AP180/CALM, amphiphysin, epsin,
Hip1, ARH, and Dab2 (Traub, 2003). Also, actin and actin-
associated factors play a role in the clathrin-mediated en-
docytosis (Engqvist-Goldstein and Drubin, 2003).
Recent studies in animal cells using components of
the endocytic machinery tagged with green fluorescent
protein (GFP) derivatives have allowed examination of
the dynamics of clathrin-mediated endocytosis in vivo,
including measurements of the timing of endocytic
events and the order of machinery and cargo recruit-*Correspondence: slemmon@miami.edument at endocytic sites (Ehrlich et al., 2004; Rappoport
et al., 2004; Yarar et al., 2005; Merrifield et al., 2002).
Newly forming clathrin-coated pits accumulate dy-
namin and AP-2 in parallel with clathrin. Recruitment or
capture of cargo may be important for stabilizing early
pits so that they continue to grow and complete coated
vesicle formation (Ehrlich et al., 2004). Also, the size of
the cargo influences the size and length of time it takes
to form a CCV. Coated pits that do not stabilize undergo
collapse and uncoat without budding. Finally, vesicle
release is accompanied by a burst of dynamin recruit-
ment, followed by transient actin polymerization, which
is thought to propel vesicles away from the surface
(Ehrlich et al., 2004; Merrifield et al., 2002). Additionally,
actin is implicated at other stages of endocytosis, in-
cluding organization of sites of coated pit formation,
coated pit assembly, and constriction and/or scission
of CCVs (Bennett et al., 2001; Engqvist-Goldstein et al.,
2004; Gaidarov et al., 1999; Yarar et al., 2005).
In Saccharomyces cerevisiae, a dynamic actin cyto-
skeleton plays a central role in endocytosis (Engqvist-
Goldstein and Drubin, 2003). Treatment of yeast with
actin polymerization inhibitors dramatically blocks in-
ternalization (Ayscough, 2000; Lappalainen and Drubin,
1997). In addition, many factors required for proper
cortical actin organization are also important for en-
docytosis and are homologs of proteins involved in
clathrin-mediated uptake in other organisms (Engqvist-
Goldstein and Drubin, 2003). These include the ep-
sins Ent1p and Ent2p, the EH domain proteins End3p
and Eps15-related Pan1p, amphiphysins Rvs161p and
Rvs167p, the intersectin-like Sla1p, the Hip1/R homo-
log Sla2p, and kinases such as Ypk1/2, related to PKB
and SGK, and actin-regulating kinases Ark1 and Prk1
homologs of animal AAK1 and GAK (Engqvist-Goldstein
and Drubin, 2003). Many of these proteins associate
transiently with cortical actin patches, which are be-
lieved to form at sites of endocytosis (Engqvist-Goldstein
and Drubin, 2003; Huckaba et al., 2004; Jonsdottir and Li,
2004; Kaksonen et al., 2003).
Recent real-time microscopy of fluorescently labeled
endocytic/cortical patch proteins has provided novel
insight into the dynamics of these factors during endo-
cytosis in yeast (Huckaba et al., 2004; Jonsdottir and
Li, 2004; Kaksonen et al., 2003). Initially Sla1p, Sla2p,
Pan1p, and Las17p are recruited to cortical sites. This
is followed by the assembly of actin, Arp2/3 complexes,
and Abp1. As vesicles/patches appear to pinch off, the
early patch proteins are released and actin/Abp1
patches move rapidly away from the cortex (Kaksonen
et al., 2003). This late event is accompanied by recruit-
ment of type I myosins, Myo3p and Myo5p, which are
hypothesized to function in vesicle fission (Jonsdottir
and Li, 2004). Finally, internalized vesicles labeled with
the lipophilic dye FM 4-64 and containing Abp1 have
been observed moving from the bud cortex into the
mother cell along actin cables (Huckaba et al., 2004).
Though details of the dynamics of endocytosis are
emerging from yeast and animal studies, in yeast the
role of clathrin in endocytosis remains unclear. Previous
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88work has shown that yeast clathrin plays a role in RME,
cbut clathrin mutations cause only partial defects (Hu-
ang et al., 1997; Tan et al., 1993). These mutations also o
maffect cortical actin organization, and clathrin interacts
directly with a number of cortical patch components p
w(Gourlay et al., 2003; Henry et al., 2002; Rodal et al.,
2005; Tan et al., 1993; Wendland and Emr, 1998; Wend- 2
Gland et al., 1999); however, plasma membrane-associ-
ated clathrin has never been seen in yeast cells (Mul- s
rholland et al., 1999; Pishvaee et al., 2000; Rodal et al.,
2005). In this study, we report the existence of cortical T
vclathrin in yeast and investigate the in vivo dynamics of
its association with cortical actin patches, providing the s
tfirst visual evidence for clathrin associated with endo-
cytic structures in yeast. L
u
Results
t
sLocalization of Clathrin In Vivo
To better understand clathrin function and dynamics in a
Wvivo, the GFP coding region was inserted in-frame up-
stream of the clathrin light chain (LC) coding sequence t
1(CLC1) and expressed under control of the CLC1 pro-
moter as the sole source of LC (SL4655, see Table 1 w
cfor a list of strains). GFP-LC was dispersed throughout
mother and daughter cells in an apparently nonpolar- d
Iized fashion consisting of patches and puncta ranging
in size from w200 nm (arrow) to w600 nm in diameter s
o(arrowhead) (Figure 1A). Larger structures were often
detected but consisted of multiple smaller patches o
oclustered together. The smaller 200 nm patches were
seen both internally and at the cortex (Figure 1A, inset). c
sThough the diameter of yeast CCVs is 60–100 nm (Lem-
mon et al., 1988), it is likely that some of the small spots z
Eare CCVs, given the diffraction limit of the light micro-
scope of 200 nm. HTable 1. Saccharomyces cerevisiae Strains
Strain Genotype Sourcea
BWY1989 MATa leu2-3,112 ura3-52 his3-D200 trp1-901 lys2-801 suc2-D9 ent1::LEU2 ent1DCBM::HIS3 ent2::HIS3 5
yap1801::HIS3 yap1802::LEU2
SL4655 MATa leu2-3,112 ura3-52 trp1 his3D200 clc1D::HIS3 pTMN17 [CEN, TRP1, GFP-CLC1]
SL4776 MATa leu2 ura3 his3 trp1 pTMN17 [CEN, TRP1, GFP-CLC1]
SL4778 MATa leu2 ura3 his3 trp1 sla2D::LEU2 clc1D::KanMX6 pTMN17 [CEN, TRP1, GFP-CLC1] 4
SL4779 MATa leu2 ura3 his3 trp1 sla2D::LEU2 pTMN17 [CEN, TRP1, GFP-CLC1] 4
SL4829 MATa leu2 ura3 his3 trp1 KEX2-YFP clc1D::KanMX6 pTMN34 [CEN, TRP1, CFP-CLC1] 1
SL4838 MATa leu2 ura3-52 his3 trp1 chc1D::LEU2 clc1D::HIS3 pTMN37 [CEN, URA3, GFP-CLC1]
SL4862 MATa/MATa leu2/leu2D0 ura3/ura3D0 his3/his3D1 trp1/+ +/lys2D0 +/CHC1-RFP:KanMX6 clc1D::HIS3/+ 3
pTMN17 [CEN, TRP1, GFP-CLC1]
SL4905 MATa/MATa leu2-3,112/leu2D0 ura3-52/ura3D0 his3D200/his3D1 lys2-801/lys2D0 +/CHC1-RFP:KanMX6 2, 3
SLA2-GFP:KanMX6
SL4906 MATa/MATa leu2-3,112/leu2D0 ura3-52/ura3D0 his3D200/his3D1 +/lys2D0 +/SNF7-RFP:KanMX6 3
SL4934 MATa leu2 ura3 lys2 ABP1-GFP:HIS3 CHC1-RFP:KanMX6 sla2D::LEU2 2, 3, 4
SL4939 MATa leu2 ura3 lys2 CHC1-RFP:KanMX6 sla2D::LEU2 3, 4
SL4941 MATa leu2-3,112 ura3-52 his3D200 lys2-801 ark1D::HIS3 prk1D::LEU2 pTMN37 [CEN, URA3, GFP-CLC1] 2
SL4975 MATa leu2 ura3 trp1 his3 end3D::HisMX6 pTMN17 [CEN, TRP1, GFP-CLC1]
SL5010 MATa leu2 ura3 lys2 rvs161D::LEU2 pTMN37 [CEN, URA3, GFP-CLC1]
SL5012 MATa leu2 ura3 trp1 lys2 suc2-D9 pan1-20 pTMN17 [CEN, TRP1, GFP-CLC1] 5
SL5015 MATa leu2 ura3 trp1 his3 ypk1D::TRP1 pTMN37 [CEN, URA3, GFP-CLC1]
SL5016 MATa leu2 ura3 trp1 his3 rvs167D::TRP1 pTMN37 [CEN, URA3, GFP-CLC1] 4
SL5090 MATa leu2 ura3-52 trp1 his3-D200 clc1D::HIS3 ABP1-mRFP:KanMX6 pTMN17 [CEN, TRP1, GFP-CLC1]
SL5091 MATa leu2 ura3 his3-D200 CHC1-mRFP:KanMX6 pRS423-STE2-GFP [2, HIS3, STE2-GFP] 3
a Strains were generated by our laboratory, except where indicated. Several strains were derived from crosses or transformations into strains
from other sources. 1, Yeast Resource Center; 2, David Drubin; 3, Erin O’Shea; 4, Howard Riezman; 5, Beverly Wendland.Previously, we showed that overexpression of LC
ould rescue the temperature-sensitive growth defect
f chc1 (Huang et al., 1997), which suggested that LC
ight have HC-independent function(s). However, com-
lete colocalization between LC and HC was observed
hen GFP-LC and HC tagged with mRFP (Huh et al.,
003) were coexpressed in cells (Figure 1B). In addition,
FP-LC was completely delocalized and diffuse in a
train lacking CHC1 (Figure 1A), showing that Chc1p is
equired for the observed patch-like localization of LC.
hus, no significant LC exists separate from the HC or
ice versa in normal cells, even though genetic data
uggested that LC might have a HC-independent func-
ion (Huang et al., 1997). Importantly, since fluorescent
C and HC completely overlap, either reporter can be
sed for clathrin localization analysis.
The large internal clathrin structures appear similar
o those of other trans-Golgi network (TGN)/early endo-
omal (EE) markers in yeast, such as Kex2p, DPAP-A,
nd Sft2p (Lewis et al., 2000; Redding et al., 1991;
ooding and Pelham, 1998). Because clathrin is impor-
ant for TGN sorting and retention (Seeger and Payne,
992a; Seeger and Payne, 1992b), we determined
hether LC colocalizes with Kex2p, a pro-α factor-pro-
essing enzyme that cycles between the TGN and en-
osomes (Brickner and Fuller, 1997; Lewis et al., 2000).
n a strain expressing Kex2p-YFP and CFP-LC as the
ole source of each protein, 62% of clathrin patches
verlapped with Kex2p, while 78% of Kex2 patches
verlapped with LC (n = 250) (Figure 1C). However, the
verlapping regions did not coincide perfectly, with
lathrin usually appearing at the edge of the Kex2p
tructures. It was possible that the imperfect colocali-
ation of Kex2p-YFP and CFP-LC resulted from TGN/
E movement in the live cells between exposures.
owever, the superimposition of HC-mRFP and GFP-
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89Figure 1. Clathrin Localization in Wild-Type
and chc1 Cells
(A) Localization of GFP-LC in clc1 and
chc1. Box is magnified 2.5 times. SL4655
(clc1 with pTMN17 [GFP-LC]) and SL4838
(clc1 chc1 with pTMN37 [GFP-LC]).
(B) Colocalization of LC and HC in wt cells:
SL4862 (clc1/+ CHC1-RFP/+ with pTMN17
[GFP-LC]).
(C) Localization of Kex2p and LC: SL4829
(clc1 KEX2-YFP with pTMN34 [CFP-LC]).
(D) Localization of Snf7p and LC: SL4906
(clc1/+ SNF7-RFP/+ with pTMN17). Arrows
point to regions of colocalization and arrow-
heads point to regions without colocaliza-
tion. Scale bar equals 5 m.LC patches using similar exposures (Figure 1B) argues
against this and suggests that these are regions where
CCVs are budding from the TGN/EE.
The patches and puncta of clathrin that did not colo-
calize with Kex2p were detected at the interior of the
cell and at the cortex (Figure 1C). To determine whether
the internal Kex2p-independent fluorescence is associ-
ated with the late endosome (LE)/prevacuole compart-
ment (PVC), we colocalized GFP-LC with the LE/PVC
marker, Snf7p-mRFP (Babst et al., 2002; Huh et al.,
2003). In general, LC patches were separate and dis-
tinct from the Snf7p-mRFP, although 38% of cells (n =
42) had at least one patch containing both proteins
(Figure 1D). Thus, clathrin may mediate some function
at the LE/PVC in yeast; however, this represents a small
portion of the total cellular clathrin.
Clathrin Accumulates at the Cortex in the Absence
of Sla2p and in the Presence of LAT-A
Recent studies have shown that cortical patches con-
taining endocytic proteins become immobilized at the
cortex in LAT-A or in sla2 cells (Kaksonen et al., 2003).
Because we saw small cortical spots of clathrin (Figure
1), we tested whether clathrin also becomes immobi-
lized or accumulates under these conditions. Following
treatment with LAT-A, 77% of cells showed intense cor-
tical clathrin accumulation, especially in the buds (Fig-ures 2B and 2H), compared with 4% in untreated cells
(Figures 2A and 2H). The cortical clathrin was in
patches or in many cases seen as a continuous rim
underlying the cell surface. In sla2, 62% of cells had
intense patch accumulation all over the surface of both
daughters and mothers (Figures 2C and 2H). The corti-
cal accumulation of clathrin was not the result of mislo-
calization of TGN/endosomal cargo to the plasma
membrane, since Kex2p showed no detectable cortical
association and was completely independent of corti-
cal LC in cells treated with LAT-A (see Supplemental
Figure S1 available with this article online).
Time-lapse movies were used to examine the dy-
namics of clathrin in wild-type (wt) as compared to
sla2 or LAT-A-treated cells. In wt cells, clathrin patches
displayed rapid, random movements and often divided
and fused (Supplemental Movie S1). To better assess
mobility of patches, kymographs were generated
across a single pixel wide line. Both internal patches
and small weakly fluorescent cortical patches ap-
peared and disappeared over the course of 2 min (Fig-
ure 2D, Supplemental Movie S1). In contrast, cortical
clathrin was mostly immobilized at the cortex in LAT-A-
treated and sla2 cells, while internal clathrin struc-
tures continued rapid movement (Figures 2E and 2F,
Supplemental Movies S2 and S3).
To address whether the immobilized cortical clathrin
patches were still actively exchanging triskelions, FLIP
Developmental Cell
90Figure 2. GFP-LC Accumulates at the Cell
Cortex in sla2 Mutants and in the Presence
of LAT-A
(A–C) clc1 + pTMN17 [GFP-LC] (SL4655) (A),
clc1 + pTMN17 (SL4655) treated with 250 M
LAT-A for 20 min (B), and sla2 clc1 +
pTMN17 (SL4778) (C). Arrowheads point to
cortical GFP-LC. Scale bar equals 3.8 m.
(D–F) Kymographs of cells shown in (A)–(C)
generated from 2 min time-lapse videos (see
Supplemental Movies S1–S3) showing the
cortical and internal mobility of GFP-LC: (D)
wt; (E) LAT-A-treated cells; and (F) sla2.
(G) FLIP of sla2 cells (SL4778) photo-
bleached in area indicated by / every 15 s;
images were captured every 6 s.
(H) Quantification for cells shown in (A)–(C),
expressed as percent of cells with “strong,”
“weak,” or “no” cortical accumulation.
(I) Exponential decay curve derived from one
representative experiment showing loss of
cortical GFP-LC fluorescence during FLIP.(fluorescence loss in photobleaching) was performed r
mon sla2 cells. The interior of the cell, excluding the
cortex, was repeatedly photobleached every 15 s (Fig- t
iures 2G and 2I). Relative to the surface of nonbleached
cells, the cortical fluorescence of bleached cells de- C
(creased exponentially with a half-time of 75 ± 39 s (n =
9) (Figure 2I). Overall, these results indicate that Sla2p t
eand actin assembly are required for normal dynamics
of clathrin patches at cortical locations, similar to a (
ynumber of other endocytic factors (Kaksonen et al.,
2003). However, cortical clathrin actively exchanges a
awith the internal pool of triskelions, even though the
patches are arrested and endocytic vesicles are not c
apinching off.
o
t
Clathrin Accumulates at the Cortex in Some,
but Not All, Endocytic Mutants
The clathrin accumulation in sla2 could be specific E
Cto loss of Sla2p function or reflect a general role for
endocytosis in cortical turnover of clathrin. To examine U
pthis, GFP-LC was expressed in several additional endo-
cytic mutants, including end3, pan1-20, rvs161, avs167, sla2, and ypk1 (Figure 3). Since all of these
utants contained endogenous CLC1, CLC1 cells were
ransformed with GFP-CLC1 to confirm that LC local-
zation was similar to clc1 cells transformed with GFP-
LC1 (compare Figures 2H and 3E). Both pan1-20
shifted to 37°C) and end3D (at 30°C) accumulated cor-
ical clathrin (Figures 3C and 3E, and not shown); how-
ver, the effect was not as severe as seen for sla2
Figures 3A and 3E). In contrast, rvs161D, rvs167, and
pk1 did not accumulate significant surface-associ-
ted clathrin at 30°C or 37°C (Figures 3B, 3D, and 3E
nd not shown). These results demonstrate that the
ortical clathrin accumulation is not simply a result of
block in endocytosis, but is specific to the function
f a subset of endocytic components and polymeriza-
ion of the actin cytoskeleton.
ndocytic Cargo Accumulate in Arrested
ortical Clathrin Patches
pon binding of ligand, the α factor receptor Ste2p is
hosphorylated, ubiquitinated, and internalized by the
ctin-based internalization machinery (Engqvist-Gold-
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91Figure 3. GFP-LC Accumulates at the Cortex in Some, but Not All,
Endocytic Mutants
(A–D) sla2 + pTMN17[GFP-LC] (SL4779) (A); ypk1 + pTMN37
[GFP-LC] (SL5015) (B); end3 + pTMN17 (SL4975) (C); rvs167 +
pTMN37 (SL5016) (D). Scale bar equals 3.8 m.
(E) Quantification of cells with strong, weak, and no cortical accu-
mulation of clathrin for strains shown in (A)–(D) and for WT +
pTMN17 (SL4776); pan1-20 + pTMN17 (SL5012), and rvs161D +
pTMN37 (SL5010). Cells were grown at 30°C, except pan1-20 was
shifted to 37° for 2 hr. Arrowheads indicate areas of cortical accu-
mulation.stein and Drubin, 2003; Hicke et al., 1998). Efficient endo-
cytosis of Ste2p also involves binding of its cytoplas-
mic tail to Sla1p and the function of clathrin (Howard et
al., 2002; Huang et al., 1997; Tan et al., 1993). To deter-
mine whether clathrin is associated with internalizing
cargo at the cortex, we imaged cells expressing HC-
mRFP and Ste2p-GFP. Cells were treated with α factor
for 2 min, and then endocytosis was rapidly arrested
by addition of LAT-A. Although there was a prominent
GFP signal in the vacuole from previously internalized
receptor, surface Ste2p-GFP was at the cortex in
patches containing clathrin, particularly in the bud
where surface clathrin initially accumulates in LAT-A
(Figure 4A). If cells were treated with α factor and then
chased without LAT-A, all of the Ste2p-GFP was cleared
from the surface and accumulated in the vacuole (not
shown). Also, there was some Ste2p-GFP in patches
containing clathrin in LAT-A even without α factor, pre-sumably because of Ste2p’s constitutive ligand-inde-
pendent internalization (not shown).
Clathrin Colocalizes with Actin-Associated
Cortical Proteins
As clathrin localization is perturbed in sla2 and Sla2p
directly interacts with LC (Henry et al., 2002; T.M.N.,
unpublished), we tested whether cortical clathrin colo-
calizes with Sla2p. In normal cells coexpressing HC-
mRFP and Sla2p-GFP, partial overlap of fluorescence
at the cell surface was observed, with 21% of cells dis-
playing at least one colocalizing patch (Figure 4B). As
expected, Sla2p-GFP was largely separate from the in-
ternal pool of HC-mRFP (Figure 4B). Upon treatment
with LAT-A, Sla2p retained its cortical localization, as
seen previously (Ayscough et al., 1997), and increased
colocalization between Sla2p and clathrin at the sur-
face was observed (R73% of cells had one or more
colocalizing patches) (Figure 4C). This was particularly
noticeable in daughter cells and at the neck of the bud.
We also examined clathrin in an ark1 prk1 mutant,
which accumulates large actin aggregates containing
known clathrin binding proteins such as Ent1p, Ent2p,
and Sla2p, as well as other cortical patch/endocytic
factors (Cope et al., 1999; Watson et al., 2001). GFP-LC
was also found in Alexa-594-phalloidin-stained F-actin
actin clumps of ark1 prk1 cells (Supplemental Figure
S2), further demonstrating that clathrin is associated
with cortical patch proteins and actin.
Abp1 can be used as a marker to follow the dynamics
of actin during cortical patch formation (Kaksonen et
al., 2003). Since sla2 mutants form cortical actin comet
tails containing Abp1p (Gourlay et al., 2003; Kaksonen
et al., 2003; Yang et al., 1999), we examined whether
clathrin is associated with these structures in sla2. In
our strains, Abp1p was often found in large clusters of
actin comet tails, also seen by others (Kaksonen et al.,
2003; Yang et al., 1999). Clathrin was present all over
the cortex, but formed a bright rim at the junction of
the cortex and these actin structures (Figure 4D). This
behavior of clathrin is similar to other endocytic factors
recruited early to cortical patches, such as Sla1p,
Las17p, and Pan1p (Gourlay et al., 2003; Kaksonen et
al., 2003).
Transient Association of Clathrin
and Cortical Actin Patches
To determine if actin patches associate with cortical
clathrin in untreated wt cells, ABP1-mRFP was integ-
rated into the GFP-LC-expressing strain. Using wide-
field microscopy, we detected occasional overlapping
patches of cortical clathrin and Abp1, but the strong
internal TGN/EE GFP-LC signal often obscured the cor-
tical clathrin signal, preventing effective imaging of
clathrin and actin/Abp1p at the surface by this method
(Figure 4E, Supplemental Movie S4). Therefore, we ap-
plied TIRFM (total internal reflection fluorescence mi-
croscopy) to selectively examine cortical clathrin and
Abp1p dynamics (Figures 4F and 4G, Supplemental
Movie S5). Movies acquired by TIRFM revealed that
most clathrin patches at the surface were immediately
followed by a burst of Abp1p recruitment (73%, n =
107), and 82% of all Abp1p patches appeared at sites
Developmental Cell
92Figure 4. Clathrin Localizes to Cortical Sites Containing Cargo and Components of the Actin-Based Endocytic Machinery
(A) Colocalization of clathrin and Ste2p. SL5091 (CHC1-mRFP + pRS423-Ste2-GFP) was treated with α factor for 2 min, washed, and incu-
bated with LAT-A for 30 min.
(B and C) Colocalization of clathrin with Sla2p. SL4905 (CHC1-mRFP/+ SLA2-GFP/+) was treated with DMSO (B) or 250 M LAT-A (C) for
20 min.
(D) Colocalization of Abp1-GFP and Chc1-mRFP in sla2D cells (SL4934).
(E) Colocalization of Abp1-mRFP and GFP-LC in wt cells (SL5090) by wide-field fluorescence microscopy (see Supplemental Movie S4).
(F) Examples of Abp1-mRFP recruitment to a cortical clathrin patch (GFP-LC) in wt cells using TIRFM; frames shown every 5.3 s (see
Supplemental Movie S5).
(G) Plot of normalized intensity of four separate clathrin/Abp1 events with similar lifetimes from TIRFM. Arrows point to patches of colocaliza-
tion. Scale bar equals 3.8 m in (A)–(E).occupied by cortical clathrin (n = 107). The average life- C
btime of cortical clathrin patches was 45 ± 20 s for those
that received actin, although the duration of clathrin Y
(lifetime varied from 26 s to as long as several minutes,
giving a median lifetime of 37 s (n = 78 patches). This w
ais similar to the reported lifetimes of Sla1p and Pan1p
patches, as well as lifetimes reported for mammalian c
tclathrin (Ehrlich et al., 2004; Kaksonen et al., 2003). Abp1-
mRFP appeared forw11 s and was consistently recruited u
aduring the decline of clathrin intensity. Our measurement
is shorter than the 15 s reported by Kaksonen et al. a
e(2003) using wide-field microscopy. However, since
Abp1 undergoes inward movement of 500–1000 nm Y
ffrom the cortex during the late stage of endocytosis
(Kaksonen et al., 2003), the time it would be visible in a
ithe evanescent field is expected to be shorter. Occa-
sionally multiple rounds of clathrin and Abp1p recruit- a
cment occurred at the same site (Supplemental Figure
S3), but the majority of newly forming cortical clathrin (
spatches occurred at sites not previously occupied.
Overall, these results strongly support a role for clathrin w
in endocytosis in yeast.ortical Recruitment of Clathrin
y Endocytic Adaptors
east clathrin interacts with Ent1/2p and Yap1801/2p
Wendland and Emr, 1998; Wendland et al., 1999),
hich are related to the mammalian clathrin endocytic
daptors, epsin and AP180/CALM, respectively, and lo-
alize to cortical patches in yeast. These proteins con-
ain phosphatidyl-inositol binding ENTH or ANTH mod-
les at their N termini and clathrin TD binding motifs
t their C termini. To determine if the yeast adaptors
ssociate with clathrin at the cortex, we imaged cells
xpressing HC-mRFP and GFP fusions to Ent1p, Ent2p,
ap1801p, or Yap1802p. The low signal intensity of the
luorescent reporters at the cell cortex prevented visu-
lization of clathrin and these proteins at the same time
n wt cells (data not shown); however, simultaneous
daptor and clathrin localization was feasible in sla2
ells, where all accumulated strongly at the cell surface
Figure 5). The localization pattern for each adaptor in
la2 was distinct, but all showed some colocalization
ith clathrin at cortical regions. Ent2p-GFP almostcompletely overlapped with cortical clathrin (Figure
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93Figure 5. Colocalization of HC with Ent1/2p and Yap1801/2p in sla2
CHC1-mRFP sla2 (SL4939) transformed with pBW54 [Ent1p-GFP] (A), pBW56 [Ent2p-GFP] (B), pGFP-YAP1801 (C), and pGFP-YAP1802 (D).
Arrows point to regions of colocalization. Scale bar equals 3.8 m.5B). In contrast, Ent1p-GFP resembled the large corti-
cal actin comet tails seen with Abp1p in sla2 cells,
and clathrin was seen at the rims of Ent1p structures
(Figure 5A). These observations support previous data
that Ent1p and Ent2p may reside in distinct cellular lo-
cations and have only partially overlapping functions
(Watson et al., 2001). The AP180’s showed fine cortical
puncta, as well as rim structures in sla2, which often
colocalized with clathrin (Figures 5C and 5D). In all
cases, some cortical clathrin was detected indepen-
dent of each protein, suggesting the existence of multi-
ple classes of endocytic/cortical patch complexes or
that adaptors in these patches are normally dynamic
in composition.
Because we found association between clathrin and
these adaptors in vivo, we tested their importance for
the recruitment of clathrin. A previous genetic screen
to identify novel endocytic adaptors utilized the epsin/
AP180 multiple knockout strain ent1DCBM ent2D
yap1801D yap1802D (referred to as ent1DCBM triple-D)(Baggett et al., 2003). This strain contains deletions of
YAP1801, YAP1802, and ENT2 and expresses Ent1p
lacking its clathrin binding motif (Ent1p-CBM). We ex-
pressed GFP-LC in ent1DCBM triple-D and treated with
LAT-A to determine if clathrin could still be recruited to
cortical locations in the absence of the adaptors. LAT-A
was chosen to examine cortical accumulation, as muta-
tions in SLA2 cause synthetic lethality in the ent1DCBM
triple- mutant (Baggett et al., 2003). Following LAT-A
treatment, only 5% of ent1DCBM triple-D cells accu-
mulated strong cortical clathrin, and those that did had
a single patch rather than a continuous cortical outline
of patches or rims seen in wt cells transformed with
GFP-LC (Figures 6B, 6D, and 6F).
To determine which adaptor(s) is responsible for
clathrin recruitment to the cortex in LAT-A, the ent1DCBM
triple-D strain with pGFP-LC was transformed with plas-
mids expressing ENT1, ENT2, YAP1801, or YAP1802. We
found reconstitution of each adaptor on its own par-
tially restored clathrin recruitment to the surface in the
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Figure 6. Recruitment of Clathrin to the Cortex by Yeast Epsins and
AP180/CALM
Cells were treated with DMSO carrier or 250 M LAT-A for 20 min.
(A and B) WT + pTMN17[GFP-LC] (SL4776) in (A) DMSO or (B) c
LAT-A. p
(C and D) ent1DCBM triple-D (BWY1989) + pTMN17 in (C) DMSO d
or (D) LAT-A.
u(E) ent1DCBM triple-D + pTMN17 + pENT2 in LAT-A.
c(F) Percent cells with strong cortical accumulation in WT + pTMN17
cor ent1DCBM triple-D + pTMN17 transformed with pENT1, pENT2,
pYAP1801, or pYAP1802 treated (−) or (+) LAT-A. Scale bar equals o
5 m. i
1
l
presence of LAT-A (Figures 6E and 6F). However, Ent2p i
seemed to have the strongest effect, consistent with it s
having the most colocalization with clathrin in the i
sla2 strain. f
t
Discussion a
s
In this study, we set out to visualize the localization of L
clathrin in live cells. d
Clathrin was found in large internal patches and 2
smaller patches at the cortex and interior. The internal t
patches of clathrin were highly mobile and 200–600 nm t
in size, similar to that seen previously for the TGN pro- t
tein Sft2p (Wooding and Pelham, 1998). As expected, i
many of these larger clathrin structures overlapped l
1with the TGN/EE marker Kex2p. However, Kex2p andlathrin did not completely colocalize, with clathrin
ften forming patches on the edge of Kex2p-containing
tructures. These may represent clathrin transport in-
ermediates budding from the TGN/EE membrane, sim-
lar to what has been observed in animal cells at the
GN (Puertollano et al., 2003). In addition, our studies
ndicate some internal patches with clathrin are associ-
ted with the LE/PVC. Recruitment of clathrin to the LE
ould occur via Vps27p, which is involved in trafficking
nto the LE/multivesicular bodies (MVB) and contains a
lathrin box motif of the LLDLD type found in many
roteins that bind clathrin through the HC-TD (Dell’Angel-
ca, 2001; Shih et al., 2002). Indeed, Hrs, the animal ho-
olog of Vps27p, binds and recruits clathrin to endoso-
al structures (Raiborg et al., 2003). Also, another
east epsin, Ent3p, is involved in MVB formation and
inds clathrin (Friant et al., 2003), so it could target
lathrin to the LE.
We also observed for the first time cortical patches of
lathrin in association with other endocytic/actin patch
omponents and with endocytic cargo. Despite the
ack of previous data localizing clathrin at the PM in
east (Pishvaee et al., 2000; Rodal et al., 2005), several
ines of evidence have supported an endocytic func-
ion. First, mutation of either clathrin HC or LC results in
moderate defect in RME of the Ste2 or Ste3 receptors
Huang et al., 1997; Tan et al., 1993). Second, Ste3p has
een reported to be associated with CCVs (Pishvaee et
l., 2000), although it was not ruled out that Ste3p in
CVs was on a secretory trajectory. Third, yeast clathrin
inds to known cortical patch/endocytic factors such as
he epsins Ent1/2p and AP180/CALM-related proteins
ap1801/2p, as well as Sla2p (Henry et al., 2002; Wend-
and and Emr, 1998; Wendland et al., 1999). Finally, ac-
in, Abp1p, Sla2p, and clathrin cofractionate in a large
omplex on sucrose density gradients (Gourlay et al.,
003).
Our data clearly indicate that cortical clathrin is asso-
iated with and behaves like other cortical patch com-
onents believed to be in endocytic structures (Jons-
ottir and Li, 2004; Kaksonen et al., 2003) and makes
p a population distinct from the internal TGN/EE-asso-
iated clathrin. First, although LAT-A treatment caused
ortical accumulation of clathrin, Kex2p-YFP remained
n internal patches. Also, sla2 is normal for process-
ng and sorting of vacuolar hydrolases (Raths et al.,
993) and secretion of mature α factor (T.M.N., unpub-
ished results). Therefore, cortical recruitment of clathrin
s not caused by mislocalization of TGN cargo to the
urface. It is also unlikely that the cortical clathrin seen
n LAT-A was on secretory vesicles near the cell sur-
ace, since in LAT-A secretory vesicles are not polarized
o the bud (Ayscough et al., 1997). Clathrin was found
t the junction of actin comet tails and the cortex in
la2, similar to other cortical patch factors, Sla1p,
as17p, and Pan1p, whose release is dependent on a
ynamic cortical actin cytoskeleton (Gourlay et al.,
003; Kaksonen et al., 2003). Furthermore, clathrin par-
ially colocalized at the cortex with Sla2p and with in-
ernalizing Ste2p in LAT-A-treated cells and with adap-
ors Ent1/2p and AP180s in sla2. It also accumulated
n the large actin aggregates of the ark1D prk1D strain
ike other actin patch-associated proteins (Cope et al.,
999; Watson et al., 2001). Finally, we found that clath-
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95rin transiently associates with cortical actin patches in
wt cells, showing dynamics similar to other early endo-
cytic factors. Collectively, these results provide direct
evidence that clathrin can be recruited to locations en-
riched in cortical patch proteins, supporting its role in
the endocytic process.
Distinct Functions of Endocytic Factors
We found that cortical accumulation of clathrin was not
unique to the sla2 mutation but occurred in other en-
docytic mutants, such as end3 and pan1-20. We ex-
pect that these mutations would similarly affect other
endocytic/cortical patch factors, such as Sla1p, Las17,
and Pan1p, that arrest at the cortex in sla2 (Kaksonen
et al., 2003). Since rvs161, rvs167, and ypk1 did
not accumulate cortical clathrin, it is unlikely that the
dramatic appearance of clathrin at the cell cortex is an
indirect effect of an endocytic block. Accumulation in
some endocytic mutants, but not all, more likely reflects
contributions of these proteins at distinct steps of en-
docytosis. So while End3p, Pan1p, and Sla2p are not
required for cortical association of clathrin, they seem
to function in regulating endocytic progression and/or
release of clathrin and actin/endocytic patches from
the surface. In contrast, the yeast amphiphysins
(Rvs161p and Rvs167p) and Ypk1p may be important
for clathrin recruitment or to stabilize newly forming
pits. Alternatively, they could act after Sla2p, Pan1p,
and End3p when clathrin has regained its potential to
be released or is no longer being recruited.
Of the endocytic mutants giving rise to cortical
clathrin, sla2 caused the most severe accumulation.
Thus, Sla2p might play a direct role in clathrin patch
release, while Pan1p and End3p exert their effects indi-
rectly through Sla2p. That Sla2p binds actin and
clathrin LC directly (Henry et al., 2002; McCann and
Craig, 1999; T.M.N., unpublished results) is consistent
with this. However, the association of clathrin at sites of
cortical actin does not require Sla2p, as colocalization
between clathrin and Abp1p/actin still occurred at the
base of the actin comet tails in sla2, similar to arrested
structures seen upon depletion of HIP1R by RNAi in
mammalian cells (Engqvist-Goldstein et al., 2004). Al-
though clathrin accumulated at the cortex in sla2, it
still cycles on and off the surface, with w50% of corti-
cal clathrin exchanging within w75 s. Continued cy-
cling of clathrin independent of vesicle formation also
occurs at the TGN and the plasma membrane of animal
cells (Blanpied et al., 2002; Moskowitz et al., 2003;
Puertollano et al., 2003; Wu et al., 2001; Wu et al., 2003).
Thus, our results support the idea that Hip1 family
members are not clathrin assembly factors (Engqvist-
Goldstein et al., 2001; Legendre-Guillemin et al., 2002;
Mishra et al., 2001) but that they regulate progression
into productive endocytic structures and their subse-
quent release (Engqvist-Goldstein et al., 2004).
Dynamics of Cortical Clathrin Patches
In order to examine the dynamics of cortical clathrin in
wt cells, we used TIRFM to visualize events restricted
to the cell surface. We estimate that the evanescent
field had a depth of 100–150 nm. Since the yeast cell
wall is w90–100 nm thick (Smith et al., 2000), we areconfident that we were observing clathrin assembly at
the plasma membrane. When clathrin was compared to
Abp1p, a marker for actin dynamics during cortical
patch formation, Abp1p appeared for a lifetime of w11 s
at locations that had previously formed a clathrin patch.
However, actin assembled just as clathrin was disap-
pearing. This resembles the recruitment of actin to en-
docytic complexes containing Las17p, Sla1p, Pan1p,
and Sla2p toward the end of patch lifetime (Jonsdottir
and Li, 2004; Kaksonen et al., 2003) and suggests that
a burst of actin polymerization follows or coincides with
clathrin release or CCV budding during endocytosis.
The effects of LAT-A imply that actin polymerization is
actually required for clathrin release.
Thus far, we have not been able to determine whether
vesicles containing clathrin pinch off from the cell sur-
face or whether clathrin disassembles before vesicle
budding. Particle tracking of other early patch proteins,
Sla1p, Pan1p, and Sla1p, showed that they move about
200 nm from the surface before their signal disappears,
while actin patches move about 500–1000 nm into the
interior of the cell (Kaksonen et al., 2003). Likely, actin
patches are associated with vesicles moving away from
the surface, while the early patch proteins have been
released. Since the intense internal clathrin fluores-
cence seen by wide-field microscopy obscured our
ability to evaluate dynamics of cortical clathrin, we
used TIRFM to restrict our analysis to surface events.
Therefore, we do not know if the clathrin disassembled
or a vesicle (or bud) containing clathrin moved away
from the surface out of view. Further studies will be
required to distinguish between these possibilities.
Yeast Epsins and AP180s as Endocytic
Adaptors for Clathrin
The presence of clathrin at cortical locations, even in
the absence of Sla2p, led us to investigate what pro-
teins are responsible for its recruitment. The clathrin-
TD binding motifs present on the epsins Ent1/2p and
AP180s made them likely candidates. These proteins
also contain N-terminal phosphoinositide binding re-
gions and NFP motifs, which bind Pan1p, an activator
of Arp2/3p-mediated actin assembly (Duncan et al.,
2001; Wendland and Emr, 1998; Wendland et al., 1999).
Taking advantage of clathrin’s cortical association in
sla2, we found that clathrin colocalizes with all of
these adaptors, but to varying degrees and with dis-
tinct patterns. Furthermore, each of these clathrin bind-
ing adaptors can recruit clathrin to the cortex in LAT-A.
Ent2p may be the major clathrin adaptor since it
showed the strongest colocalization with clathrin in
sla2 and it reconstituted cortical clathrin accumula-
tion the best in the ent1DCBM triple-D strain treated
with LAT-A.
Evidence from animal systems has also highlighted
the importance of multiple adaptor involvement in
clathrin-mediated endocytosis (Traub, 2003). For exam-
ple, knockdown of AP-2 by RNAi ablated transferrin en-
docytosis, but did not significantly affect uptake of the
EGF and LDL receptors (Motley et al., 2003). Similarly,
it is possible that the yeast epsins and AP180’s serve
as adaptors that bind different cargo, leading to sorting
into distinct CCSs, thereby explaining their distinct lo-
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96icalization patterns. Furthermore, the occasional ob-
aserved residual cortical patches in the LAT-A-treated
Pent1DCBM triple-D strain (see Figure 6) suggests that
e
there may be additional endocytic clathrin adaptors in m
yeast. 2
In summary, our studies demonstrate that clathrin lo-
Ocalizes to the cell cortex with the actin-based endocytic
dmachinery in yeast and that recruitment to these sites
ois dynamic and adaptor dependent, involving the ep-
L
sins Ent1/2p and AP180/CALM. This is the first visual X
evidence that clathrin functions in endocytosis in yeast, u
psimilar to its well-defined role in animal cells.
5
Experimental Procedures
U
LStrains used in this study are listed in Table 1. Cells were grown at
u30°C except where indicated.
i
uPlasmids
tpKH1 (CLC1, CEN, TRP1) was made by ligating a Not1/EcoR1
fCLC1 insert from pJT1 (Huang et al., 1997) into Not1/EcoR1 cut
rpRS314 (Sikorski and Hieter, 1989). The plasmids with CFP-CLC1
e(pTMN34) or GFP-CLC1 (pTMN17) under the control of the CLC1
spromoter were constructed in two steps. First, an Nco1 site was
fintroduced into pKH1 (CLC1, CEN, TRP1) just downstream of the
eCLC1 ATG. His3MX6 with flanking Nco1 sites and CLC1 coding
Gsequence to allow integration following the ATG was PCR amplified
from pFA6a-His3MX6 (Longtine et al., 1998) and gap repaired into
5
pKH1 in yeast by selection on C-HIS plates. Next, pKH1-His3MX6
T
was Nco1 digested and self ligated to remove the His3MX6 cas-
c
sette generating pTMN42. Second, the GFP or CFP coding se-
a
quences with flanking CLC1 homology were PCR amplified from
A
pFA6a-GFP(S65T)-TRP1 (Longtine et al., 1998) or pDH3 (CFP,
n
kanMX6) obtained from the Yeast Resource Center (YRC) (http:// l
depts.washington.edu/wyeastrc/fm_home1.htm) and gap repaired I
into pTMN42 linearized at the Nco1 site to generate pTMN17 (GFP- M
CLC1, CEN, TRP1) and pTMN34 (CFP-CLC1, CEN, TRP1). pTMN37 L
(GFP-CLC1, CEN, URA3) was generated by linearizing pTMN17 w
with Sca1 and gap repairing with a URA3 fragment from Pvu1 cut c
pRS316 (Sikorski and Hieter, 1989). pGFP-YAP1801, pGFP- (
YAP1802 (Wendland and Emr, 1998), pBW54 (ENT1-GFP), pBW56 1
(ENT2-GFP) (Watson et al., 2001), pYAP1801.426, pYAP1802.426, d
pENT1.426, and pENT2.426 were generous gifts from Beverly b
Wendland. pRS423-STE2-GFP was from Kenneth Blumer. All plas- o
mids generated from PCR fragments were verified by sequencing.
Integration Constructs S
To generate null alleles, the methods and marker cassettes of S
Longtine et al. (1998) were used. For CLC1 replaced by KanMX6, b
the PCR product was amplified using pFA6a-kanMX6 as a template c
and transformed into SL4755. To generate cells expressing Abp1
with RFP at the C terminus, a PCR product was amplified using
pFA6a-mRFP:KanMX6 (from Roger Tsien/Erin O’Shea) as a tem- A
plate and oligonucleotides with 5# ends homologous to the region
Wof ABP1 flanking the stop codon. The PCR product was trans-
Bformed into SL4655 to generate SL5090.
a
CMicroscopy
tFluorescent fusion proteins were visualized in live cells from cul-
gtures grown overnight to mid-log phase in synthetic media. All fu-
sions complemented function well when expressed as the sole
source of protein. LAT-A experiments were performed by incubat- R
ing cells from early-log phase cultures in 250 M LAT-A dissolved R
in DMSO for 20 min. In Figures 2, 3, and 6, cortical clathrin accumu- A
lation was classified as “strong” when the cortex showed intense P
patch or rim localization or was present over the whole surface,
“weak” when smaller cortical patches were visible, and “none” in R
the absence or near absence of clathrin accumulation. From w50
to 200 cells were counted for each strain and condition. Data are A
from 2–4 experiments. p
1For colocalization of F-actin and GFP-LC, cells were treated asn Henry et al. (2002), except that fixation was reduced to 30 min
nd cells were stained with Alexa 594-Phalloidin (Molecular
robes). For colocalization of Ste2p-GFP and HC-RFP, 250 l of
arly log phase cells were incubated for 2 min with α factor (5 g/
l), then pelleted and resuspended in 25 l of medium containing
50 M LAT-A. Cells were viewed after 30 min.
Wide-field fluorescence microscopy was performed using an
lympus fluorescence BX61 microscope equipped with Nomarski
ifferential interference contrast (DIC) optics, a Uplan Apo 100×
bjective (NA 1.35), a Roper CoolSnap HQ camera, and Sutter
ambda 10-2 excitation and emission filter wheels, and a 175 watt
enon remote source with liquid light guide. Images were acquired
sing SlideBook 4.01 (Intelligent Imaging Innovations) and pre-
ared with Adobe Photoshop 7. Kymographs were generated from
m single pixel lines taken during 2 min movies.
FLIP (fluorescence loss in photobleaching) was performed at the
niversity of Miami Analytical Imaging Core on a Zeiss Confocal
SM 510 microscope equipped with a 100× objective (NA 1.4),
sing LSM 510 acquisition and image analysis software. Regions of
nterest were photobleached repeatedly every 15 s with 5 iterations
sing the 458, 488, and 514 nm lasers to 100%. Images were cap-
ured every 6 s during a 560 s time course. Mean intensity values
rom cortical regions in bleached and unbleached cells were cor-
ected for background intensity. The corrected fluorescence at
ach time point after bleaching was divided by the prebleach inten-
ity to give the percent initial fluorescence. Average half-lives of
luorescence were calculated by plotting data from nine separate
xperiments on an exponential decay curve generated by
raphPad Prism v4.0 statistical software.
For total internal reflection fluorescence microscopy (TIRFM), a
l drop of culture was spotted onto a poly-L-lysine-coated Lab-
ek II chambered coverglass system (Nunc) and sealed using a
overslip and vacuum silicone grease. TIRFM was performed using
n Olympus IX-81 inverted microscope with a 60×/1.45NA Plan-
po objective and a 1.6× Optivar magnifier. Samples were illumi-
ated using a 488 nm argon krypton and a 543 nm helium neon
aser line coupled to the microscope using a single mode fiber.
mages were acquired using a 3-color CCD camera (Hamamatsu,
odel C7780) sequentially shuttering Abp1-mRFP and then GFP-
C each with 500 ms exposures. Data were collected and analyzed
ith Slidebook 4.01. The critical angle for total internal fluores-
ence was calculated to be 65.4°, given an interface between glass
index of refraction of 1.518) and cytosol (index of refraction of
.38). We determined that the maximum possible angle of inci-
ence for the lasers is 73°. We estimate the angle was midway
etween these two values (i.e., 68°–71°), so the penetration depth
f the evanescent field was 100–150 nm.
upplemental Data
upplemental Data include three figures and five movies and can
e found with this article online at http://www.developmentalcell.
om/cgi/content/full/9/1/87/DC1/.
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